Abstract. The WeIzmann Supercooled Droplets Observation on Microarray (WISDOM) is a new setup for studying ice 7 nucleation in an array of monodisperse droplets for atmospheric implications. WISDOM combines microfluidics 8 techniques for droplets production and a cryo-optic stage for observation and characterization of freezing events of individual 9
Introduction 18
In mixed phase clouds, water droplets remain stable in a supercooled state below 273 K and ice nucleates spontaneously as 19 droplets reach the homogeneous freezing temperature, below 236 K (Pruppacher et al., 1998) . At warmer temperatures, ice 20 particles may coexist with supercooled droplets, due to heterogeneous nucleation facilitated by the presence of ice nuclei 21 particles (INPs) (Cantrell and Heymsfield, 2005) . In cases where INPs are immersed in the droplet before supercooling, referred 22 to as immersion freezing mechanism, the droplets first grow to supercritical size before freezing occurs (de Boer et al., 2011). 23
Observations and modeling studies suggest that immersion freezing is the prominent mechanism for heterogeneous ice 24 formation in mixed phase clouds (Ansmann et Ice particles affect the radiative and microphysical properties of mixed phase clouds and Earth's hydrological cycle. Therefore, 27 they can influence present and possibly future climate IPCC, 2013) . Studying ice formation in 28 clouds is hence important, and yet, due to its complexity, this process is still not fully understood and presents a great challengein a range of fields, such as physics, chemistry, biology, life sciences and the food industry (Neethirajan et al., 2011; Sackmann 48 of the signal by calculating its standard deviation std(ΔGL). The program then searches for the maximal freezing signal that is 127 also greater than 5 times the noise level. The temperature associated with this freezing signal is assigned as the freezing 128 temperature for that droplet. 129
In this algorithm, the program can distinguish successfully between a phase transition event and noise that arises from the 130 camera signal, droplet movement or any other interruption. instruments. Therefore, we performed a thorough temperature calibration using the known eutectic melting points and the 141 melting points of several aqueous solutions as calibration reference points. Although ice nucleation experiments are performed 142 while cooling, the calibration experiments were done while heating to improve the calibration precision and to avoid biases 143 associated with supercooling of the liquids (Budke and Koop, 2015) . 144
Droplets thermalization 145
The temperature of the Linkam stage was measured at the upper center part of the cooling stage and hence may differ from the 146 actual temperature of the droplets in the device due to thermal effects such as temperature gradients and temperature lag. 147
During cooling or heating, a vertical temperature gradient may develop between the top of the device, in contact with the inner 148 ambient of the cryostage, and the bottom of the device, which is in contact with the cooling silver block. This gradient is 149 expected to increase in magnitude, as the temperature of the stage decreases or increases below or above ambient temperature. K with a flow of cooled N2 over their device. In addition, a thermal lag may arise during cooling or heating as the rate of 153 temperature change is high and precludes proper temperature equilibration. Hence, a more accurate measurement of the droplet 154 temperature is taken as a sum of the stage temperature with the contributions of both thermal gradient and lag. 155 Figure 3 demonstrates the combined effects of temperature change rate and device properties on the thermalization of pure 156 water droplets (double distilled, 18.2 MΩ cm). Specifically, freezing and melting experiments at different rates were6 performed. The temperature difference (ΔT) is the difference between the measured values and the extrapolated temperature 158 at equilibrium conditions (0 K min -1 ). As expected, at slower temperature cooling (heating) rates, the droplets are more 159 equilibrated with the stage temperature and ΔT is negligible. However, ΔT increases at higher temperature cooling (heating) 160 rates (e.g.; 10 K min -1 ). We observed that during cooling (heating) the droplet is warmer (colder) than the stage and will freeze 161 (melt) at colder (warmer) temperature at higher cooling (heating) rates. We also found that because ΔT is higher, in absolute 162 value, for devices of thicker PDMS and/or in devices which hold larger droplets, it should be considered in the final temperature 163 calibration for these scenarios. Furthermore, ΔT was found to be almost symmetric for higher temperature cooling (heating) 164 rates. However, for 1 K min -1 , ΔT during cooling is higher than that for heating. Our conjecture is that this can be an effect of 165 the higher thermal gradient that develops as the temperature decreases well below ambient (236 K). were consistent with theoretical melting temperatures reported in Koop and Zobrist (2009) . This provides support to our 171 conclusion that droplets thermalize with the cooling stage when using a heating rate of 0.1-1 K min -1 . For faster heating rates 172 (i.e. 10 K min -1 ), the thermal lag was more pronounced, leading to a melting point shift of about 2-3 K. For more concentrated 173 solutions, faster heating rates shifted the melting points more. 174
Melting of eutectic solutions 175
Some aqueous solutions, such as NaCl and MgCl2, arrange in a super-lattice at a certain wt% to form a solid with a well-176 defined melting point (eutectic) (252.05 K for NaCl and at 239.95 K for MgCl2) (Borgognoni et al., 2009; Farnam et al., 2016) . 177
Interestingly, this type of melting has a smaller optical signature compared to that of melting points of pure substances, as can 178 be seen in Figure 2b . We have set a specific water activity for a solution by determining its quantitative composition using the 179 extended aerosol inorganic model (E-AIM) (Clegg et al., 1998) at room temperature (298 K). For calibration purposes, because 180 eutectic melting had a negligible variation for different water activities used in the range of 0.99 to 0.95, we decided to take 181 their average to achieve a single melting value. These eutectic melting temperatures are colder than the melting point of pure 182 water and, therefore, are used for expanding WISDOM calibration range. 183
The final calibration is obtained for a device with a specific PDMS thickness and at a specific cooling (heating) rate. 
Measurement reproducibility and device variability 187
Device's inter-variability was determined from 20 devices by comparing their corresponding homogeneous freezing 188 temperatures of pure water. Specifically, each device was recycled three times with freshly prepared droplets. Our results 189 showed high reproducibility in the median freezing temperature, where 50% of the probed droplets froze (T50), and high 190 reproducibility in the melting point temperature. Variation within devices was always smaller than ±0.2 K at 1 K min -1 and 0.1 191 K min -1 (variation within the devices over the whole freezing range is presented in Appendix A). 192
Homogeneous freezing rates of pure water 193
Homogeneous nucleation in supercooled water occurs in WISDOM between 238 and 237 K for a cooling rate of 1 K min -1 and 194 droplets diameter of 100 μm. nucleation curves. Here, the dependence of the freezing point on the droplet volume is more pronounced, as the surface area 216 of the immersed particles is higher, hence they contain higher number of nucleation sites (Marcolli et al., 2007) as will be 217 shown in the next section for two more types of dust. 218
Below 223 K, ice nucleation occurs at slightly lower temperatures than expected by the theoretical freezing curve. As the 219 WISDOM temperature calibration is not valid in this temperature range, we cannot conclude if this is due to a change of the 220 thermal conductivity of the device or an effect of the high concentration of the solute in the water. 221 
For heterogeneous freezing experiments, a quarter of each filter is placed with 300 µL DDW in 1.5 ml Eppendorf vial and 249 particles were extracted by intensive dry sonication (Hielcher; model UP200St VialTweeter). In Figure 8 , the spectra of the 250 nucleation sites per unit surface area (ns) of three super-micron stages (D50 of 1.0, 1.8, 3.2 µm) are presented and summarized 251 in T1. It is also seen that there are slightly more active sites for the larger particles (3.2 µm), as their surface area is higher and 252 there is a higher probability to contain an active site. In Figure 9, The microfluidics technology used in WISDOM solves some substantial issues inherent in other currently used 268 instruments: (1) good control of the size and number of monodisperse droplets, (2) fast production of hundreds of nearly 269 monodisperse droplets minimizes sample sedimentation or agglomeration that may occur in a suspension, leading to a good 270 estimation of the surface area of the suspended material. Moreover, several droplet diameters can be employed in the same 271 device without its modification, (3) good statistics achieved by individual analysis of hundreds of droplets, (4) monodisperse 272 droplets individually analyzed, in contrast to some emulsion techniques (such as Differential Scanning Calorimeter (DSC)), 273 allow to obtain the frozen fraction at each temperature, and to achieve detailed information about active sites and freezing 274 rates, (5) the use of oil minimizes possible artefacts from droplets' evaporation, neighbor seeding or vapor transfer due to the 275 Wegener-Bergeron-Findeisen processes, (6) the small volumes decrease freezing artefacts by impurities, thus allowing to 276 reach the homogeneous freezing threshold (-37ºC), (7) possible investigation of several freezing cycles for the same droplets, 277 (8) the microfluidics method and the small droplet volumes enable working with small sample volumes which can be an 278 advantage when working with atmospheric samples. 279 WISDOM has a very accurate temperature calibration that spans a wide temperature range, using the eutectic freezing method. temperature accuracy and high statistics. However, the freezing experiment was conducted in a flow mode, which is more 283 complicated than in the WISDOM setup and requires complicated modeling. In addition, the cooling rates that were used were 284 very fast, which induces additional errors. Riechers et al. (2013) had high temperature accuracy as they also used a DSC. 285 However, they had to collect the droplets from the device as there was no static array option and this may add further 286 complication and contamination. 287
The microfluidics technology has also disadvantages. These may include: (1) oil may interact with some of the analyzed 288 particles, possibly leading to biased data, (2) the microchannels are susceptible to clogging, (3) it is not possible to perform 289 any post analysis to the droplets content after the experiment, (4) the small droplets' volumes reduce the sensitivity to rare 290 active sites. This may be solved by performing many experiments or by using larger droplets with more surface area within 291 the droplets. 292
Summary and conclusions 293
The new setup WISDOM is based on microfluidics technology and its detailed validation is presented. Based on a set of 294 validation measurements and a good agreement with other instruments, we conclude that WISDOM is a suitable tool for 295 studying atmospheric ice nucleation, both in homogeneous and heterogeneous immersion freezing modes. Results of 296 homogeneous freezing correspond to water-activity-based nucleation theory in supercooled droplets and represent well volume 297 nucleation rates. Heterogeneous freezing in supercooled droplets also agrees well with literature data. Furthermore, freezing 298 efficiency dependence on the particles surface area within the droplets is clearly observed. Using microfluidics allows a mass 299 production of picoliter monodisperse droplets using low volumes of suspensions, which can be beneficial for immersion 300 freezing studies over a wide range of supercooling down to homogenous temperature region. The good reproducibility of the 301 devices, proved using pure water freezing cycles, enables the recycling of the same device for few freezing cycles. It is also 302
shown that the temperature uncertainty can be reduced if the temperature calibration includes the microfluidic devices 303 properties in the working temperature change rates, especially for melting experiments. In this work we have also demonstrated 304 how WISDOM can be applied for studying the ice nucleation properties of ambient samples that contain very small quantity 305 of sample. The particles were collected using the MOUDI during Saharan dust storm event. Results are in correspondence 306 with literature data of ambient dust and further support Atkinson et al. (2013) Figure A1 presents the reproducibility of the microfluidic devices. For each device, the temperature variation between different 319 freezing cycles of pure water is presented for the entire range of the freezing at various frozen fractions (0.1 to 1). These 320 experiments were conducted for three cooling rates, 0.1 K min -1 , 1 K min -1 and 10 K min -1 . For 1 K min -1 the device's variability 321 was the smallest, and the deviation in the results between different cycles was < 0.2 K for most cases. While in some cycles 322 the temperature was reproducible in <0.05 K, in other cycles the temperature varied in <0.2 K. This is not valid for frozen 323 fractions <0.2, where the variability was the highest, as was the case for the other two cooling rates. This may be due to 324 contaminants that exist in the water or in the devices themselves. The preparation of the devices is mostly inside a hood, but 325 ambient particles may be trapped during the process. For cooling rate of 0.1 K min -1 , the variability between the different 326 cycles was also <0.2 K, but the variability was higher in comparison to the variability seen at 1 K min -1 . This can be explained 327
respect to the stage (as demonstrated in this work), and also low resolution of temperature reading due to the fast cooling rate. 330
The variability presented here is also probably affected by the uncertainty of the temperature sensor of the Linkam stage (<0.25 331 K). 332 333 Figure A1 . Variability of the WISDOM devices for three cooling rates. The markers present the average temperature 334 variability for all the devices and the error bars represent one standard deviation. A line is placed at Δ=0.2 K, the upper value 335 which explains the variability in the results of different freezing cycles at 0.1 and 1 K min -1 . 336
Appendix B: Suspension preparation and characterization 337
Illite-NX, ATD and K-feldspar powders were suspended in double distilled water and sonicated twice for 30 seconds with a 338 20 second pause, using Hielcher up200St VialTweeter, adjusted especially for Eppendorf vials. K-feldspar suspensions were 339 additionally stirred overnight as sonication alone was not enough to achieve a good suspension and intensive sedimentation 340 was observed. For validation experiments, suspensions of 0.1 to 1 wt% were used. Figure B1 The GRIMM measurement was synchronized to the MOUDI stages for the estimation of the total surface area that was 355 collected on the filter for droplets surface area estimation. For that, two base assumptions were made: (1) all the particles that 356 were collected are extracted to the water later used for the freezing experiments, (2) sphericity of the particles. The GRIMM 357 bins are synchronized to the MOUDI stages based on collection efficiency of the MOUDI, obtained from Marple et al. (1991) . 358
For example, on certain MOUDI stage, all the particles that own diameter that is larger than the D50 have high chance to be 359 impacted on that stage. All the rest of the sizes, that are smaller in their diameter, will continue to the next stage and will have 360 high chance to deposit there. Hence, the GRIMM's bins were synchronized to the MOUDI D50 stages. For the ns calculations, 361 the surface area was based on the number of particles that were measured in a certain bin and their total surface area. To 362 calculate the surface area of a particle (assuming sphericity) in a certain bin, the midpoint of that bin was used as a radius. To 363 calculate the total mass of the particles in each filter, dust density of Quartz was used (2.65 g cm -3 ), as this is usually the 364 dominant mineral (Mahowald et al., 2014) . The error of the ns data is propagated from the error in the frozen fraction, the error 365 of the droplet's volume and the error of the MOUDI's collection efficiency in the different stages, the later was the dominant 366 one. 367
For control, analysis of blank filter was done. The blanks were sonicated before analysing them and freezing was mostly colder 368 than the freezing temperatures that are presented here and hence no special reduction of the final active sites was done. 
